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Abstract 
In the paper the results of experimental tests carried out on double-sided semi-rigid beam-to-column joints applied in the typical 
pallet racking systems are presented and discussed. The applicable European design standard EN 15512 "Steel static storage 
systems. Adjustable pallet racking systems. Principles for structural design” obliges to perform experimental research as part of a 
complementary process of designing this type of structures. At the same time, the test procedure described in the said document 
is defined only for single-sided joints, whereas in typical pallet racking systems, double-sides joints are dominating, due to the 
way the systems are constructed. Having in mind the above mentioned reasons, the series of tests for double-sided configuration 
of beams have been carried out, based on standard provisions, as well as other standardization and advisory documents of a 
similar nature. The obtained results of stiffness and bending moment capacity for double-sided joints have been compared to the 
findings of experiments performed in the past for single-sided joints only, presented in some earlier publications, e.g.[4]. 
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1. Introduction 
High storage pallet racks for warehouses belong to a group of specific steel structures. Among other things they 
are characterized by the possibility of storing goods at the height up to 10 m above the floor level. Rack systems 
comprise of columns connected by means of bracing and vertical beams, connected to columns by means of hooks. 
Braces located in the column provide the structure with rigidity only in the transverse direction, whereas in the 
longitudinal direction rigidity is low and depends mainly on rigidity of the columns themselves, the stiffness of the 
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column-to-floor joints and to a greater extent – from the stiffness of the beam-to-column joints. Due to the fact that 
hook joint is substantially different from the flexible joint in a skeleton structure, conducting the test aiming at more 
accurate study of load capacity and stiffness of the joints present in such types of systems is well-justified. 
The features, by which the high storage pallet rack structures mentioned in the introduction are characterized 
indicate essential differences in the manner of operation, and as a consequence differences in the method of design 
and analysis of the basic load capacity issues in such type of structures. The hook structure has to ensure possibility 
of free arrangement of the rack space during use. This feature makes that approach towards load capacity and 
stiffness issues in such type of joints is totally different in terms of quality than in case of a typical skeleton 
structure. Making use of the FEM analysis on a broader scale also encounters quite extensive problems in such 
a situation. 
In the European standard [1] the principles for conducting experiments necessary for correct design process of the 
rack structures have been specified. Analysis of the beam-to-column joint constitutes one of the key tests. It should 
be emphasized that the mentioned standard [1] specifies the procedure for testing only single-sided hook joints, 
whereas in practice double-sided joints predominate. Yet, on the basis of various normative document [2], issued by 
the Institute of Logistics and Warehousing in Poznan, authors developed analogous procedure for testing of the 
double-sided joints. 
The research subject matter raised in the hereby article is to constitute continuation and, in a certain scope, 
development of the tests initiated by the Team from the Rzeszow University of Technology. The present 
achievements in this field are contained, inter alia, in the article [3]. 
2. Purpose and scope of research 
The basic purpose for realization of the given tests was to determine the relationship between the bending 
moment affecting the beam, and the corresponding angle of rotation in case of double-sided joints. The records of 
the standard [1], which focus on the research of single-sided joints, were inspiration for undertaking such subject 
matter. Experiments were carried out making use of the elements of a typical rack system, manufactured by the 
supplier from Western Europe. The tests were carried out in the laboratory of the Institute of Building Engineering 
of Warsaw University of Technology. 
3. Test stand and the course of experiments 
Having regard to general recommendations formulated for such type of experiments, test stand was built on the 
basis of a main rigid frame with a system of hydraulic jacks with maximum load corresponding to 100 or 200 kN 
respectively, depending on the jack’s model. The tested section of the column, together with sections of the beams 
with a total length of 600 mm, were mounted in a manner totally independent from the frame of the universal testing 
machine, however providing freedom of rotation for the structure elements in relation to each other and related 
unhindered shift of the free ending of the beam’s bracket. Load was realized by means of additional cross-beam, 
transferring load simultaneously into two bracket sections of the beams. The cross-beam was made of two channel 
bars with rigid joint.  Use of two jacks at the same time allowed for simultaneous measurement of the angle of 
rotation for four simultaneously loaded beams’ fragments. Fig. 1 presents the details of the test stand. With view to 
requirements of the standard, the tested sections of the columns were stiffened, so that their deformations would 
affect the operation and the results of measurements of deformations of the analyzed joints to the slightest extent. In 
spite of that the technical possibilities of conducting such types of experiments in laboratory conditions on elements 
in a natural scale indicated the necessity of additional measurements of shifts in the area next to the joint of the 
column, for the purpose of determination of their impact on the tested relationship. Sensors manufactured by Sylvac 
were used with accuracy of reading of 0.001 mm. Mounting of the sensors was conducted in a way totally 
independent, both from the elements of the universal testing machine, as well as from other elements comprising the 
test stand. The examined fragment of the column originated from the full-size element of the real structure and was 
cut out of the lower part of the system bearing structure. Support of the prepared section of the column was realized 
by means of system support footings. The test stand also included additional elements protecting free ending of the 
beams against horizontal shift (from the hook’s plane). 
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Fig. 1. Details of the experimental stand for testing joints. 
Load was applied down vertically, at the distance of 400 mm from the side wall of the column to the axis of the 
jack’s piston rod. Load increment was gradual, until reaching of the maximum value, at which substantial 
deformation of the joint took place. Measurement of the rotation was realized by means of inclinometers with a high 
sensitivity of reading, connected with a central unit, which carried out automatic reading and recording of results 
during the conducted experiment. Mounting of inclinometers was made in a technically possible, short distance from 
the hook’s endplate. Registration of the results at every level took place in a semi-automatic manner after 
stabilization of force transferred by the machine and – in an automatic manner, not more frequently than around 
every 2 minutes. Together with reading of the value of the force applied by the load jacks and the value of joint 
rotation, indications of the shift sensors located in the area next to the column were also simultaneously registered. 
During the single experiment, two double-sided, identically loaded joins were examined in parallel. Six independent 
experiments were carried out in total. Due to the specificity of the analyzed joints, before commencement of the 
given test, bracket sections of the beams were subjected to load with a value of approximately 1.0 kN for the purpose 
of adequate arrangement of the hook’s endplate in the column’s seats. This is a general recommendation, related to 
the specificity of the examined structure and adopted solutions for the joints. Initially applied value of force was 
subsequently decreased to zero and after repeated calibration of the measuring devices proper series of structure 
loading began. Such a procedure was aimed at proper arrangement of the hook in the column’s seats. The examined 
beams, in all cases, had identical manner of joining with the hook’s endplate. Such a joint was realized automatically 
by means of fillet welds, arranged on the entire beam’s circumference. 
The tested rack system consisted of columns made of steel with a higher resistance than the beam’s material, 
therefore, after conducting the whole cycle of experiments no permanent damages or deformations were detected on 
the examined columns. 
4. Test results 
As a result of the carried experiments values of forces, transferred from the load jacks, were obtained as well as 
the corresponding values of the angles of rotation of the beams.  
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Based on that the value of the affecting bending moment and the corresponding angle of rotation of the joint was 
determined, corrected by the value of bending deformation of the area next to the joint of the column. Then diagrams 
of the observed moment-rotation relationship were drawn for the subsequent experiments. Fig. 2 presents the 
obtained dependencies.  
The tests were carried out until actual breaking of the joint or until obtaining of the angle of rotation equal to 
minimum 5 degrees. In all the cases exceeding of the mentioned value of the rotation angle was equivalent to 
breaking of the joint. The way of breaking of joints was very similar in all examined cases and consisted with 
substantial deformation of the hook’s endplate and breaking of the fillet welds, joining the beam with the hook’s 
endplate in the extendable area. Fig. 3 presents typical course of stability for the loaded joints. 
 
Fig. 2. Characteristics of moment-rotation relationship for recorded (Mt-șt) values of parameters. 
Measurement of the examined values began at the moment of commencing the appropriate test. Due to using stiff 
cross-beams, the measured angles were increased by rotation resulting from loading by means of own load of the 
cross-tie (0.5 kN). Such a value was defined in an analytical manner on the basis of value provided by the 
manufacturer of the system of rigidity for the joint. Apart from M-ș characteristics, each type of such a joint is also 
characterized by the value of maximum bending moment, transferred in the given, specific situation. Pursuant to the 
provisions of the standard [1] the concept of average characteristics (Mk) and calculation (Mm) breaking moment is 
introduced, which is determined on the basis of corrected values of the observed bending moment (Mn). In order to 
determine the corrected values of bending moments the correction factor should be specified, making allowance for 
the actual value of the yield limit and material thickness.  
Previously conducted tests and analysis conducted within such a scope that was specifically described in the 
research [4], were referred to in the hereby article. The corrected values of the bending moments for the specific 
experiments were inserted in the Table 1. 
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Fig. 3. The typical way of the element deformation. 
Table 1. Corrected values of bending moment.  









Pursuant to the guidelines of the European standard [1], values of the average characteristic and calculation 
bending moment were determined according to the following procedure: 
R R k sk m s      (1) 
where:  Rm - the mean value of the adjusted test results, 
 ks - coefficient given in Table 13 of [1] based on 95 % fractile at a confidence level of 75 %, 












 ¦   (2) 
 
 n - number of tests results in the group, 
 Rni - individual test result, corrected for thickness and yield stress. 
The values of the bending moment obtained in such a manner are presented in Table 2, at the same time 
comparing them to analogous values achieved during the tests of single-sided joints carried out for the same rack 
system.  
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Table 2. Characteristic and design values of failure bending moments. 
Type of joints Characteristic failure moment - Mk 
(kNm) 
Design failure moment - MRd 
(kNm) 
Two-sided joints 2.638 2.398 
Single-sided joints, according to [4] 3.145 2.859 
5. Conclusions 
On the basis of the conducted experiments and analyses the following conclusions may be formulated: 
x Behaviour of the examined elements during the first stage of load (elastic strain) is comparable to all the 
conducted tests, which enables to state that within the scope of the elasticity, M-ș characteristics has 
a repeated character and similar values, by which this stage of loading the joint is characterized. Any 
possible deviations on the analyzed scope of dependencies M–ș may result from in correct arrangement of 
the hook’s elements in the column’s seats, which causes visual disorder of the curve in its initial scope; 
x More noticeable spread of results obtained within the plasticity may be related to the manner of breaking 
the joint present in all the examined cases as a result of substantial deformation of the hook’s endplate, as 
well as breaking of the fillet weld joining the hook’s endplate with the beam in the extension area. 
Accuracy for weld execution, repeatability of the thickness and mechanical features related to the range of 
the heat impact area, may in a situation of accumulation of permanent plastic deformations exert 
a significant influence on the last stage of joint operation. It results in even more significant discrepancy, 
both of the value of the breaking moment, as well as even more significant difference in the results, by 
which the final part of M–ș chart is characterized;   
x Symmetrical or similar load diagram for double-sided joints influences the limitation of possibility of 
deformation of the part of the column next to the joint, as well as the hook itself. Finally, it probably results 
in general decrease of the maximum value of the moment, which may be transferred by the mentioned 
joint. Comparison of the results obtained in the analyzed experiment with the results obtained for single-
sided joints seems to confirm the assumed hypothesis;  
x Based on the obtained results it has been stated that the examined joints are characterized by substantial 
capability of rotating; 
x At the present stage, the obtained results and above-mentioned conclusions may only serve as prerequisites 
for elaboration of the program of consecutive tests conducted within such a scope. Possibility of making 
use of the observed regularities and dependencies of the angle of rotation of the joint on the applied 
bending moment requires further confirmation in the subsequent experiments including the presented 
subject matter. 
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